This paper investigates the hydrodynamics issues that are associated with AUVs (autonomous underwater vehicles) as they approach a cone-shaped dock, which is proposed by most AUV docking systems for the AUV's protection and simplification. However, this docking system is more sensitive to the hydrodynamic interactions between the dock and the ocean currents. The purpose is to exploit the hydrodynamic susceptibility in AUV docking with the dock and to identify a probable design for AUV control during docking. To achieve this purpose, numerical simulations of an AUV docking with a dock are conducted based on the dynamic mesh method. This paper illustrates the numerical methodology for AUV docking simulation. To increase the accuracy of the numerical simulation, turbulence models and grid-dependence problems are first studied. Then, 3D (three-dimensional) numerical simulations show the dependence of the AUV fluid forces near the dock on various velocities, accelerations, dock shapes, gliding modes, cross currents from several directions and rudder angles. The hydrodynamic behaviors of an AUV docking with a dock are obtained, which provide helpful suggestions for successful docking.
Introduction
The development of an underwater docking capability will allow an AUV to remain on station as part of an autonomous ocean-sampling network to allow power charging, data transfers, data downloads or data uploads underwater, which reduces the cost for conventional operation with ships and personnel for deployment and recovery and makes the operation safer, particularly in rough weather. As a result, the topic of underwater docking systems has received increasing attention during the last two decades. These docking systems can be broadly classified into four types. The first type operates by using a vehicle-mounted passive latch to grab a vertical pole or a line, which allows the vehicle to swing with the currents (Hanumant et al., 2001) . The second type operates similarly to the landing of an aircraft onto an aircraft carrier, such as the Marine Bird docking system, where the vehicle catches a V-shaped guide on the base of the dock using its catching arms and joins the connecting device (Fukasawa et al., 2003) . The third type is rigidly moored and shaped like a cone, a cage or a funnel, which provides a protective housing and requires the vehicle to navigate into the dock, such as the REMUS (Remote Environmental Monitoring UnitS) docking system (Allen et al., 2006; Stokey et al., 1997) , the flying plug docking system (Cowen et al., 1997) , EURODOCKER (Brighenti et al., 1998) , the Explore AUV system (Wang et al., 1992) , and the ISIMI docking system (Park et al., 2007) . The fourth type uses an ROV (Remotely Operated Vehicle) to remotely recover the AUV (Moline and Schofield, 2009) . Among these docking systems, the REMUS docking system affords nearly complete protection from wave surge in shallow coastal environments, which allows the incorporation of biocides to minimize marine growth for long-term deployments. Meanwhile, the docking system is simple and can be moored in the sea floor, floated by surface mooring in the middle of the sea, or towed by a mother ship. This docking system can be used for military submarines, where an ROV catches the AUV and subsequently tows it into the torpedo tube (Kim and Lee, 2011) . Therefore, the REMUS docking system is the most useful system and is adopted in this paper.
To date, many docking systems developed have focused on the towing method or the underwater structures that are designed for the AUV and the dock. However, those features are not adequate for a docking system. Because the AUV may collide with the dock, the appropriate concern in developing and using a docking system is its reliability. Docking usually fails because of three primary reasons: the detection problem, which fails to find the nearby dock; the variability of the hydrodynamic forces and their direction during AUV docking; and the control algorithm to ensure secure docking.
The most likely failure occurs because of the hydrodynamic interaction between the dock and the nearby AUV, particularly when the docking occurs to a cone-or cage-shaped dock, which limits the approach of the AUV to one direction. This failure has been examined in an Odyssey docking experiment (Hanumant et al., 2001) . Although this system is designed to be omnidirectional, in the case of cross currents, the AUV must navigate at a progressively greater crab angle when it approaches the dock. In addition, the ocean currents may change in direction and magnitude. The direction may be cross, upward or downward. This change in current can affect the AUV's and dock's positions, thereby changing the AUV's heading when approaching the dock. Thus, the change will move the vehicle off its desired approaching path. Therefore, the effects of ocean currents on AUV docking should be investigated to apply appropriate control systems to the AUV to maintain its heading. Otherwise, the AUV may conceivably miss the dock.
Until now, the hydrodynamics during the docking process has not been widely addressed in research papers. In terms of oceancurrent interference, Cowen et al. (1997) and Hanumant et al. (2001) advised having the AUV dock upstream of the current. Du et al. (2009) , Kim and Lee (2011) and Kim et al. (2001) provided an ocean-current model and added motion equations to predict the maneuverability of the AUV. However, there are few articles on the numerical simulation of the effect of ocean currents on AUVs. In this study, we show that both ocean currents and the dock affect the AUV's approach.
The relative motion between the AUV and the dock results in a complex unsteady flow that occurs with moving boundaries. These issues were examined using methodologies such as the potentialflow approach (Chwang, 2004; Cheng, 2006; Pang et al., 1997) and the CFD (Computational Fluid Dynamics) approach. The potentialflow methods are easier to use than the CFD methods, but they are limited to simple geometries, and extremely narrow distances between two bodies are often amplified. The CFD methods are more accurate and can capture transient effects. However, they are considerably more expensive. There are four CFD methods (Wu, 2009 ) that address moving boundaries: the overset method, the immersed-boundary method, the moving-mesh method and the mesh-free method. The most widely used method is the movingmesh method because it controls the time evolution of the grid points as the flow evolves (Pan, 2012; Wu and Ji 2012; Wu et al., 2010; Zhang et al., 2008) . Chwang (2004) described the effect of the hydrodynamic interaction on the motion of a rotating elliptic cylinder that moved around a fixed circular cylinder based on the potential-flow theory. Cheng (2006) studied the hydrodynamic interactions between two bodies, an underwater body and a wall, based on the potential-flow theory and the viscous CFD. She also conducted two series of near-wall interaction experiments to measure the interacting forces under different gap ratios, angles of attack, Reynolds numbers and surface shapes. Pang et al. (1997) calculated the influence of hydrodynamic forces on two underwater vehicles when they approached each other using the surface element method, which provided the curves of hydrodynamic force coefficients for the distance between two underwater vehicles. Pan (2012) used the dynamic mesh method to evaluate the maneuvering motions in an oblique towing experiment and a planar-motion mechanism experiment based on the numerical solution of steady and unsteady RANS (Reynolds Averaged Navier-Stokes) and obtained hydrodynamic coefficients for submarines. Wu et al. (2010) , Wu (2009) presented a 3D hybrid dynamic-grid method to simulate the moving boundary during an AUV swim-out from a tube and docking with a tube, and they obtained the pressure contours on the AUV surface at different times and the resistant coefficient of the AUV over the course of the maneuver. Wu and Ji (2012) numerically calculated the hydrodynamic interaction between an AUV docking with its platform, and the interference force on space, the Re number and the attack angle were also discussed. Zhang et al. (2008) applied the moving-mesh method to simulate 3D unsteady incompressible flows on a flexible fish-like body motion.
Literature surveys on the hydrodynamics of underwater bodies reveal that the surveys may be limited to 2D (two-dimensional) bodies; simplified 3D bodies, such as balls or ellipsoids; or constant velocities, as shown by Dantas and Barros (2013) , Phillips et al. (2010) and Sarkar et al. (1995) . In this article, an AUV-like REMUS docking with a cone-shaped dock is simulated. The dock is composed of two sub-systems, a giant nozzle and an inner acrylic tube with a narrow gap between the AUV and the dock. The challenges in simulating the AUV approaching the dock are as follows:
(1) The 3D hydrodynamics in the large distance between the moving boundaries remains a difficult problem to solve because the mesh and re-meshing process for a moving boundary is time-and labor-consuming and may lose some accuracy. (2) The narrow gap between two moving bodies is difficult to simulate because it is difficult to generate the grids in the gap region. (3) Ocean currents may complicate the interaction, which increases the difficulty in simulation and makes the vehicle stray.
For the 3D hydrodynamic interaction over a large distance between the moving boundaries, hybrid dynamic grids are used in the numerical simulation as shown in Wu et al. (2010) . For a narrow gap flow, the mesh can be built using "define thin cuts" for different parts near one another, as shown in Wu and Ji (2012) . The present work mainly focuses on the hydrodynamic interference from various docking parameters and ocean currents during the AUV docking with a cone, which is demanded in successful docking.
This article is organized into five parts. Section 1 introduces AUV-docking systems and their hydrodynamic problems. Section 2 describes the numerical methodology of an AUV approaching the dock. In Section 3, the disturbances from the dock are discussed and associated with different velocities, accelerations, dock shapes and gliding modes. Section 4 considers the ocean currents and the rudder hydrodynamics. The conclusion is drawn in Section 5.
Numerical methodology
The simulations are performed with the commercial package FLUENT Version 6.3 to resolve the set of RANS equations using a finite-volume approach, which includes the dynamic-mesh technique. The numerical simulation predicts the evolution of the flow patterns and the drag variety of the AUV during the docking process with various docking parameters.
Mathematical model
The testing geometry is an REMUS AUV (Timothy, 2001 ) docking with a cone-shaped dock as shown in Fig. 1 . The vehicle consists of a torpedo-shaped main hull and four identical control fins. The AUV is 0.191 m in diameter and 1.3 m in length. The dock is composed of two sub-parts: a giant funnel and an inner acrylic tube. The width and the height of its entrance nozzle are approximately four times the vehicle diameter, and it guides the vehicle into a tubular part to secure the vehicle (Allen et al., 2006) . Fig. 1 shows a model of the docking process. The AUV starts at the initial point O (approximately one times the AUV length from the dock entrance nozzle), passes through Point A (the entrance point of the nozzle) to Point B (the entrance point of the inner tube), and arrives at Point C (the end of the dock), where the AUV collides with the dock. The lengths of OA, OB, and OC are 1.12 m, 1.62 m and 2.27 m, respectively.
Governing equations
RANS equations are used to model the instantaneous variables in an incompressible fluid. In Reynolds averaging, the solution variables in the instantaneous Navier-Stokes equations are decomposed into the mean components and the fluctuating components. We substitute the two parts into the instantaneous mass and momentum equations and take a time average to obtain the ensemble-averaged momentum equations, which are RANS equations, as follows Z
where ρ is the fluid density, u denotes the mean flow velocity vector, p denotes the main pressure scalar, u 0 is the fluctuating velocity vector, and R ∂V u 0 u 0 dA is the integral Reynolds stress term. 
Dynamic-mesh conservation
The dynamic-mesh method is used to simulate the AUV docking with a dock. This method allows the displacement of the domain boundaries in CFD simulations, which adjusts the associated mesh to the accordingly new locations. To introduce this technique, it is necessary to consider the grid velocity of the boundaries in the general conservation equation to account for the net convective transport across the volume boundaries. The integral form of the conservation equation for a general scalar ϕ on an arbitrary control volume V can be written as
where u g denotes the grid velocity vector of the dynamic mesh, S ϕ is the source term of ϕ, and Γ denotes the diffusion coefficient. The temporal term must introduce the variation of the cell sizes, which is related to the moving boundaries over time and called the GCL (Grid Conservation Law). To satisfy the demands of the GCL, the volume time derivative of the control volume is computed as follows
where n f is the number of faces of the control volume, A j denotes the j face area vector, and δV j denotes the volume that the control volume face j sweeps out over the time step Δt.
Dynamic mesh-update methods
Different mesh-update methods can be found in the literature according to the basic characteristics of the moving mesh. There are three fundamental methods: the spring-based smoothing method, dynamic layering method and local remeshing method. In the present work, when a cell deforms by a small amount, and its skew is less than the limit of 0.75, the spring-based smoothing method is used to update the mesh. When the cells violate the skewness criterion or the size criterion, they are locally remeshed. In other words, when the minimum length is less than 0.5 times that of the criterion, the cell is merged with the adjacent cell. When the maximum length is larger than 0.5 times that of the criterion, the cell is split. These two mesh-update methods (the spring-based smoothing method and the local remeshing method) are used to efficiently treat the mesh deformation during AUV docking.
Mesh
The domain is a cylindrical computational space, which is depicted in Fig. 2a . Its size is ϕ2:25L Â 6L, where L is the length of the AUV. The domain is approximately two times the length behind the stern of the AUV, one times the length between the AUV and the dock, and one times the length behind the dock.
In Fig. 2a , no-slip boundary conditions are applied to the AUV and the dock, which implies that the velocity components and the turbulence kinetic energy of the AUV or the dock should be consistent with the wall. Despite the wall boundary, the other quantities are set as far-field quantities. Fig. 2a displays the mesh of the total domain. Its internal mesh is built with hybrid grids, which is illustrated in a cut plane (Fig. 2b) . Hybrid grids are applied in steady and unsteady flows, such as prismatic/tetrahedron/hexahedron grids (Wu et al. (2010) , Wu, 2009 ) and tetrahedron/adaptive Cartesian/prismatic grids (Zhang and Wang, 2004) . Hybrid grids with prismatic mesh catch the boundary layer, tetrahedron mesh adapts the complex geometry, and Cartesian or hexahedron mesh adapts the far domain to decrease the mesh number.
In this work, hybrid grids are composed of a prismatic mesh around the AUV and a tetrahedral mesh that fills the field for large displacement and are adaptable for any direction of motion. There are four steps to generate hybrid grids. First, the surface mesh is generated using the Octree method. Second, prismatic cells are grown from the surface grids using the advancing layer method. Third, a tetrahedral mesh is built in the left zone using the frontal approach. Finally, multiple cell zones are merged into one cell zone. The total domain includes two fluid zones: one prismaticmesh zone that moves with the body and one tetrahedral domain that deforms. The standard wall function is used to model the flow near the AUV and the dock. In the wall function approach, the viscosity that is affected by the sublayer region is bridged using empirical formulas to provide the near-wall boundary conditions for the mean flow and the turbulence transport equations. The logarithmic relation of the near-wall velocity is given by
where k is the von Karman constant (0.4187), E is an empirical constant, y p is the distance from point P to the wall, μ is the dynamic viscosity of the fluid, and k p is the turbulence kinetic energy at point P. The logarithmic law for the mean velocity is valid when the distance from the first point to the wall satisfies 30 o y þ o300. According to the y þ value, the distance from the first point to the wall can be derived as follows:
where U is the velocity from the far domain, Re L is the Reynolds number, H is the total height of the boundary layers, r is the height ratio, n is the number of layers, and δ is the boundary layer thickness. In this derivation, the first layer is set as 1 mm, r is 1.1, n is 10, and the total height is 15.9374 mm. Simultaneously, the first layer is less than the maximum boundary layer thickness, which indicates that it is in the near-wall domain. Then, the average yþ of the AUV surface is 56.65, which falls into the reasonable regime of the wall function (30-300), whereas the average yþ value of the dock is 143.75. In addition, local refinements are introduced to increase the number of cells in the small gaps in the dock housings and the docking zone, where higher deformation gradients for the AUV are expected. In the present case, a total number of 1535,563 cells are adopted for the 3D mesh domain. Fig. 2b shows the total mesh in a cut plane, where the refined mesh along the docking road can be found, and the hybrid dynamic grids are also depicted.
Solution method and time step setting
A finite-volume method is applied to discretize the governing equations. All physical quantities are stored and computed at the cell centers. The solver is a pressure-based unsteady 3D simulation. The unsteady formulation is 1st-order implicit. The SIMPLE algorithm is adopted to calculate the pressure field. In addition, a standard method is set for pressure discretization. The 1st-order upwind method is used to discretize the momentum, the turbulence kinetic energy and the turbulence dissipation rate. Regarding the dynamic parameters, the AUV and the dock are set as rigid bodies, and the tetrahedral-grid domain deforms according to the smoothing and local remeshing method.
To preserve the stability, the dynamic algorithm must converge to ensure that the displacement of every moving cell per time step is lower than its characteristic cell size. The objective is to avoid having the simulation advance a larger distance per time step than that defined by the longitudinal cell size. This restriction is equivalent to the courant number that is used in classical unsteady simulations with explicit schemes, which can be expressed as CFL ¼ v Â Δt=Δx. This restriction guarantees the numerical stability if the parameter is lower than unity ðCFLo 1Þ. When the characteristic velocity for the CFL number is set as 2-6 kn, and a typical cell size in the refined docking zone is 1.06 mm, a CFL value of 0.5 is obtained at a time step of 5 Â 10 À 4 s for 2 kn or 1:5 Â 10 À 4 s for 6 kn.
Every unsteady simulation requires approximately 12 h of CPU time. The simulations are executed on one PC workstation Intel (R) Xeon(R), which is equipped with a double-core processor of 3.6 GHz and 16.0 GB RAM. During the simulation, eight partitions are used for parallel computing. Twenty inner iterations are fixed per time step. Moreover, the minimum residuals are maintained for both continuity and momentum equations (in the range of 10 À 4 ), which match the usual convergence criteria.
Choice of turbulence models
Several turbulence models are suggested for underwatervehicle simulation, such as the RSM (Reynolds stress model), RNG k À ε and SST k À ω. For example, Huang et al. (2009) evaluated the applicability of turbulence models when predicting the hydrodynamic performance of propellers. The experiments showed that the RSM has a higher prediction precision than the standard model and the RNG model. Cheng (2006) showed that RNG k À ε is accurate for predicting the pressure and force coefficients of a 3D flat ovoid as it approaches a wall at low velocity. Song (2011) adopted SST k À ω to simulate a hybrid-driven underwater vehicle. Zhang and Wang, (2004) adopted SST k Àω to simulate the oil tank SR196. Yu et al. (2008) investigated the standard k À ε, RNG k À ε and SST k À ω turbulence model in predicting the drag of a mini AUV. He found that the SST k À ω model was the most accurate. In the present work, after a comparison of different turbulence models with the experiment, the RSM is chosen to simulate the approach of the AUV to a dock. The RSM involves calculating the individual Reynolds stress, R ∂V u 0 u 0 dA, using differential transport equations. The exact transport equations have the form
where D ij ; P ij ; Φ ij ; ε ij are the diffusion term, the stress-production term, the pressure-strain term and the dissipation term, respectively. These terms are written as follows:
where a ij is the Reynolds-stress anisotropy tensor, S ij denotes the mean strain rate, W ij is the mean rate-of-rotation tensor. Detailed descriptions of the turbulence models such as the standard k À ε, RNG k À ε, Spalart-Allmaras and SST k À ω are provided in Fluent Inc. (2006) . Five turbulence models have been used to simulate the AUV in straight-ahead motion: RSM, standard k À ε, RNG k À ε, SpalartAllmaras and SST k À ω. The comparison of the results of these five turbulence models and the experiment is shown in Fig. 3a for the pressure force, b for the viscous force and c for the total drag.
The experiment result in Fig. 3c was obtained by Timothy (2001) . The experiment was conducted at sea by the Oceanographic Systems Lab, which measured the propulsion efficiency of the vehicle. As a result, Cd is estimated to be 0.2 at 3 kn without the pockets in the vehicle nose section. Cd was multiplied by 0:5 ρV 2 A f , where ρ ¼ 998:2 kg=m 3 ; A f ¼ 0:0286 m 2 ; u ¼ V Â 0:5144 m=s, and the drag forces are calculated to be 3.04 N, 6.81 N, 11.93 N, 18.26 N and 25 .88 N at 2 kn, 3 kn, 4 kn, 5 kn and 6 kn, respectively, which are curved in Fig. 3c ; the results are defined as the experimental results. Fig. 5 . Grid-dependency study for three coefficients using hybrid grids (shown in "#h") and tetrahedral grids (shown in "#s"), where Cp; C f ; Ct are the pressure coefficient, the viscous coefficient and the total drag coefficient, respectively. Cf _ITTC denotes the viscous coefficient that is calculated using the ITTC formulation. In addition, Ct_Exp denotes the total coefficient from the experiment. Comparisons among various turbulence results and the experimental data show that the standard model k À ε, the RNG model and the Sparlart-Allmaras model over-valuated the pressure drag (Fig. 3a) . For the viscous force (Fig. 3b) , there is a small difference between the theory value (calculated from the ITTC-1957 formulation) and the numerical values of various turbulence models. For the total drag, the RSM is the most appropriate model, the RNG model is the second most appropriate, and SST k À ω is the third most appropriate. Therefore, the RSM is selected to simulate the approach of the AUV to the dock. However, the RSM costs approximately twice the CPU time than that of the other turbulence models. Thus, a workstation with eight processors is used for parallel computing.
Grid dependency study
The grids will affect the accuracy because of their topology and sizes (Jen et al., 2009; Manoj, 2007) . The grid dependencies that are considered in this case include the grid topology and the grid numbers. In this paper, there are two types of grid topology: hybrid grids and single tetrahedral grids. A hybrid grid is shown in Fig. 4a . A single tetrahedral grid is shown in Fig. 4b , which includes only tetrahedral grids in the total domain and is convenient for constructing and moving the mesh. The two types of topology are calculated to simulate the AUV in straight-ahead motion. The comparison of the results between the hybrid grid and the single tetrahedral grid in coarse to fine meshes is shown in Fig. 5 .
Because the precision changes with the grid numbers, five different grid levels are used where the number of cells ranges from 0.14 to 2.9 million. As the mesh number increases, the CPU time to construct and calculate the mesh also increases. Then, a double-model flow is applied to reduce the model-building and -computing time. With a double-model flow, the AUV and the dock can be simplified to half a model because of symmetry, which can save CPU time. Fig. 5 shows the dependence of the pressure coefficient, the viscous coefficient and the total resistance coefficient on the grid topology and the grid numbers. In this figure, C ps ; C f s and C ts are the pressure coefficient, the viscous coefficient and the total coefficient, respectively, for single tetrahedral grids; C ph ; C f h and C th represent the pressure coefficient, the viscous coefficient and the total coefficient, respectively, for hybrid grids; and C f _ITTC indicates the viscous coefficient that is calculated using the ITTC formulation. In addition, C t _Exp indicates the total coefficient from the experiment (Timothy, 2001) .
As shown in Fig. 5 , when the mesh density increases, the pressure drag decreases and the viscous drag increases. When the mesh number exceeds 18 Â 10 5 , the pressure force and the viscous force are converged. The predicted total resistance coefficient of the hybrid-grid method monotonously converges to a grid-independent solution of 5:7 Â 10 À 3 , which is close to that of the experiment.
However, the total resistance coefficient is over-predicted using the single-tetrahedral-grid method (Cts). The difference in total resistance coefficient between the hybrid-grid and the tetrahedral-grid results mainly originates from the difference in friction coefficients. The friction coefficient of the hybrid grids (Cf h) converges to 3:903 Â 10 À 3 , which is consistent with 3:952 Â 10 À 3 from the ITTC friction formulation, and the error is less than 1.5%. However, the friction coefficient of the single-tetrahedral-grid method (Cf s) converges to6:913 Â 10 À 3 , which is over-predicted. The pressure coefficients of the hybrid-grid method (Cph) and the tetrahedralgrid method (Cps) are slightly different. Hybrid grids with a prismatic-mesh catching boundary layer can become more accurate in viscous drag. prismatic mesh can predict the velocity more accurately in a viscous fluid, and the velocity is smaller in a viscous fluid than in an ideal fluid because of the viscosity and the pressure on the boundary layer. The viscous drag decreases, whereas the pressure difference between the bow and the stern increases, which induces larger pressure drag for the hybrid-grid method. Therefore, the reason can explain the difference in the viscous coefficient, the pressure coefficient and the total coefficient between the hybrid-grid method and the single-tetrahedral-grid method.
Numerical results and discussion

Velocity and position
The hydrodynamic characteristics of the AUV at different velocities, accelerations, distances, dock shapes and gliding modes are investigated in this section according to the specified conditions and methodologies, which were presented in Section 2. The aim is to identify the appropriate scheme for a successful AUV docking at its maximum thrust power, which is set to 6 kn in the unbounded domain.
The dock in Fig. 1 was initially recommended to have closed nozzle and tube parts (Stokey et al., 2001) , and an unclosed frame shape was subsequently proposed (Allen et al., 2006) . The two different dock shapes are illustrated in Fig. 6 and simulated to discuss their effect on the AUV's drag. In the simulation, the velocity influence is first discussed. Fig. 7 shows the initial mesh and the final mesh of the unclosed dock and the closed dock. It shows that the unclosed dock has a more complex and irregular mesh than the closed dock. Most of the remeshed area is limited in the domain where the AUV runs through. Fig. 12 . Drag of AUV during docking at different uniform decelerations for the unclosed dock. dock, particularly when the AUV enters the inner tube. The relationship between the drag and the distance is shown in Figs. 9 and 10 . Fig. 9 shows the drag coefficient in the unclosed dock. The velocity effect is more apparent at low velocity (2 kn) than high velocity (3-6 kn) before Point A (the entrance point of the nozzle). When the AUV runs through the nozzle part, its drag decreases. After it enters the inner tube, its drag remains stable. Fig. 10 depicts the drag coefficient in the closed dock at different velocities. When the AUV is far from the dock, the drag remains stable. When it approaches the nozzle entrance, the drag slowly increases. When it enters the inner tube (close to point B in Fig. 1) , the drag steeply increases. After most of the AUV enters the inner tube, its drag becomes another constant value, which is approximately three times that in the unbounded domain. This result implies that the closed dock largely increases the drag. For example, if the AUV can navigate at 6 kn in the unbounded domain, then its maximum docking velocity is 3.5 kn.
Acceleration
In fact, the AUV may decrease its speed during docking because of the larger drag from the dock (as shown in Fig. 10 for the closed dock) or to avoid collision with the dock. The effect of the dock on the decrease in speed of the AUV at different initial velocities from Point O is discussed in this section. The initial velocity is set to 2-6 kn, and the velocities decrease to zero at the docking end point (point C) with uniform deceleration. The relationship among the drag, the velocity and the distance is drawn in Fig. 11 (closed dock) and Fig. 12 (unclosed dock) .
In the closed dock, when the speed decreases, the drag decreases until it reaches zero at the entrance of the inner tube and subsequently reverses. The maximum reversed force (suction) at the end of the dock is nearly half of the initial drag. An identical process occurs in the unclosed dock. The only difference is the magnitude of suction, which is negligible in the unclosed dock. Fig. 13 shows the pressure contours at three positions. In the closed dock, there are two low-pressure areas after the bow and before the stern when the AUV enters the nozzle entrance. As the AUV goes through the nozzle, the low-pressure area before the stern disappears. When the AUV approaches the dock end, the pressure varies from high to a low from the stern to the bow, where the AUV becomes pull in to the dock. An identical phenomenon occurs in the unclosed dock, but its magnitude of pressure difference is less than that of the closed dock.
The aforementioned simulation concludes that decreasing the velocity results in less drag and suction, which is beneficial for AUV docking, particularly in closed docks. Nevertheless, decreasing the velocity means more time consumed and a higher possibility of encountering interference, such as from ocean currents.
Dock shapes
From the discussions in Sections 3.1 and 3.2, it should be noted that the unclosed dock hardly affects the drag of the AUV. However, the unclosed dock cannot be conveniently recognized and localized using sonar images or vision images, which are used to guide the AUV to the dock. Therefore, a new dock shape with less drag for the AUV and more area of closed faces, which are helpful for target recognition, should be designed. To analyze the susceptibility of the dock shapes to the hydrodynamic behavior of the AUV, seven different geometries of dock shapes are performed with different nozzle and inner-tube shapes: Shapes a-d (different nozzle shapes) and Shapes e-h (different inner-tube shapes), where Shape e is identical to Shape c for comparison convenience among different tube shapes. Shape b has the most significant effect, and it has two holes that are separately distributed on each side of the nozzle (Fig. 14b) . The drag from Shape b can be divided into four stages: in Stage 1, the drag increases before the nozzle entrance (Point A in Fig. 1) ; in Stage 2, the drag slowly decreases in the nozzle; in Stage 3, the drag steeply decreases when the AUV enters the entrance of the inner tube because of the unclosed inner part; and in Stage 4, the drag stabilizes. The effects of Shape a and Shape c are almost identical to that of Shape d (an unclosed nozzle), which has little influence on the drag of the AUV at low to high velocities. The only difference lies in a small increase in drag at low velocity near the entrance of the inner tube; however, the increase in drag is negligibly small. Therefore, Shapes a and c are more beneficial because of the low drag and higher probability of being recognized. The drag interference from the inner tube is illustrated in Fig. 15d . The closed-inner-tube shape (Shape h) increases the drag to approximately 3 times that in the unbounded domain, whereas Shapes f and g have smaller effects on the drag, except a small steep drop at the entrance of the inner tube because of the hole in the inner tube and a steep rise at the end of the tube due to the closed wall.
The drag of Shape b is larger because of the pressure contours when the AUV bow enters the entrance of the inner tube (point B in Fig. 1 ), as shown in Figs. 16-18. Fig. 16 shows the 3D pressure contours on the AUV and the dock for Shapes a, b, and c. Fig. 17 shows the pressure contours on the nozzle for the three shapes. As observed in Fig. 17 , when the velocity increases, the pressure near the inner tube increases for the three shapes. At a given velocity, the pressure on the nozzle can be divided to several parts. For Shape a, there are four parts, and the pressure is identical near each part. For Shape c, there are twelve parts, and the pressure is nearly identical near each part. For Shape b, there are eight parts, and the pressures are different on the center part and the side part (Fig. 17b2-b6 ). In addition, four low-pressure areas appear near each central hole at a velocity of 6 kn (Fig. 17b6) , by the stern of the AUV, which results in a larger drag of the AUV. Fig. 18 depicts the pressure contour in a cut plane through the holes of Shapes a and c, and the plane includes the closest wall to the AUV. The difference among Shapes a, b, and c occurs because of the hole position in the nozzle. The holes in Shapes a and c are axially symmetric, whereas the holes in Shape b are not. Shape b has one more hole than Shape a on each side of the nozzle, and its nearest part to the AUV is closed. Therefore, this configuration prevents fluid from flowing, which results in a larger pressure around the AUV bow and a larger drag (Fig. 15a-c ) than in Shapes a and c.
The comparison of the pressure contours among Shapes a, b and c show that Shapes a and c are better because of the low drag and high number of walls for recognition.
Gliding modes
The previous sections discussed a stationary dock, which can be fixed at the bottom of the sea or suspended by a buoy in the middle of the sea. However, the dock may be towed by a surface ship or a submarine that moves at low speed (less than 2 kn). This gliding mode is examined in this section. There are three different gliding modes for Shape a (Shapes a and c are chosen for less drag; here, we adopt Shape a to compare the gliding modes) such as instill docking, run-after docking and run-opposite docking. During in-still docking, the AUV cruises at 3 kn, whereas the dock is stationary. In run-after docking, the dock is towed at 1 kn, whereas the AUV cruises at 3 kn. In run-opposite docking, the AUV runs at 3 kn oppositely to the dock, which cruises at 1 kn. Fig. 19 gives the relationship between the drag and the position for the three different gliding modes. For the run-after gliding mode, there are two drag-drop stages: in Stage 1, the drag decreases before the entrance of the nozzle; in Stage 2, the drag decreases before the entrance of the inner tube. For the runopposite gliding mode, the drag almost increases from the initial position until the AUV runs into the inner unclosed tube. For in-still docking, the drag remains almost constant. Therefore, the run-after gliding mode is proposed because the drag decreases. Fig. 20 shows the velocity vectors at three docking positions in the three gliding modes. Furthermore, the related pressure is illustrated in Fig. 21 . During stationary docking, the flow domain of the dock does not affect the AUV until the AUV enters the inner tube. The pressure variation of the AUV near the dock is also small. In the run-after gliding mode, there are two large-vortex areas, which appear near the front tip of the nozzle wall. In the pressure contours, there are two low-pressure areas toward the AUV. One area is located near the entrance of the nozzle, which can be identified in the velocity vector figure (Fig. 20) . The other area is located at the entrance of the inner tube. The two low-pressure areas pull the AUV to the dock, which explains the two drag-drop stages for run-after docking in Fig. 19 . For run-opposite docking, there are two large vortices at the back tip of the nozzle wall. In the pressure contours, there is one low-pressure area outward to the AUV, which is out of the docking area. In the docking area, there is a high-pressure area near the closed-nozzle wall, which Fig. 21 . Pressures contours of AUV docking for three gliding modes: left, in-still; middle, run-after; right, run-opposite. Fig. 22 . Effect from the cross currents ("current #") and the rudder fins ("rudder #"), where "#Cd", "#Cl", and "#Cm" represent the drag coefficient, the transverse force coefficient and the turning moment coefficient, respectively. exhibits incremental drag for the AUV (Fig. 19) . Thus, run-after docking is the best docking mode because of less drag.
Effects from currents
For a typical torpedo-shaped under-actuated AUV, which has one thruster, the drift angle (sideslip angle) must move the AUV off the path when there are ocean currents. The drift causes a discrepancy between the heading and the course of docking. In the case of unidirectional docking, this discrepancy must be considered because it can induce a collision with the dock or cause the AUV veer off track.
The effect of ocean currents on the AUV is discussed in this section. The velocity of ocean currents is set to 1 kn with crossangle changes from zero to 180 degrees. The speed of the AUV is set to 3 kn. During this survey cruising, the AUV occasionally commands the maximum rudder angle ðδ ¼ 7 301Þ from its neutral position and maintains a few turning trajectories.
Cross currents cause the drag of the AUV, the drift force and the turning moment to change. The drift force makes the AUV become transverse to the dock, whereas the turning moment changes the AUV heading. To maintain the position and the direction of the AUV, the AUV controls the tail fins to resist the turning moment and the transverse force. Fig. 22 shows the effects of the currents and the rudder. The drag from the currents reaches the maximum value at zero and 180 degrees, the drag force appears at zero degree, and the thrust force appears at 180 degrees. The transverse force from the currents reaches the maximum value when the cross current is close to 90 degrees (which is experimentally evaluated in Zhang, 2007) . However, it is difficult for the AUV fins to provide sufficiently large re-transverse force to resist its lateral motion, particularly when the current angle is larger than 20 degrees.
The turning moment from the currents changes direction when the currents change angle. The magnitude is small, which can be overcome by the rudder. Therefore, a useful method for reducing the lateral drift is to change the AUV heading by using the rudder to reduce the drift angle. Fig. 22 shows that a successful docking depends on the angle between the dock centerline and the current, which should be less than 20 degrees. Fig. 23 depicts the pressure contours when the AUV rotates its tail fins at 5-30 degrees, which shows a transverse force from the face to the back.
Conclusions
The hybrid dynamic-mesh method has been applied to simulate AUV docking with a cone-shaped dock. To simulate the motion of the AUV from a large distance into a narrow dock with precise prediction, the numerical methodology is modified to build a mathematical model, choose a turbulence model and set the mesh size for the docking system. The numerical simulation produces a wealth of data for analyzing the hydrodynamic interaction between the AUV and the dock at different docking parameters, from which we can draw the following helpful conclusions for successful docking (1) If the AUV approaches the dock at a uniform speed, there is less drag from an unclosed dock than from a closed dock. The drag will be three times that of the unlimited domain from the closed dock when the AUV enters the inner tube. (2) If the AUV docks at a constant deceleration speed, there is suction after it enters the inner tube. The closed dock has a larger magnitude than the unclose dock, which is helpful for successful docking. (3) For the choice of a dock, Shape a is optimal because it has a small drag and is easily detected using sonar. (4) When the AUV docks under cross currents, it must change its heading using the rudder to avoid the large lateral drift. A beneficial docking method depends on the angle between the dock centerline and the current, which should be less than 20 degrees.
It is believed that the results of this paper will advance the understanding of the dynamic behavior of AUV underwater docking with a cone-shaped dock. A numerical simulation with a control command input is necessary, which re-creates the AUV docking process in-situ to identify the true interference of the dock and the ocean currents in every condition. Part of the work has been performed for this docking system, and the results will be published after this study. With these alternative studies, AUV underwater docking will be more reliable.
